A new method combining graphical displays with principal component analysis (PCA) has been used to evaluate published data on the toxicity of seven chemicals to 14 species (17 testing procedures) of aquatic biota. The results show the usefulness of simple graphical approaches to analyze the structure of environmental data sets. Thus, the study indicates the importance of endpoint selection and underlines some relationships among the species and chemicals.
INTRODUCTION
The literature and the databanks contain increasing amounts of toxicity data, both in terms of numbers of chemicals and species of biota tested (McCutcheon et al., 1990; Penning et al., 1991; Voigt et al., 1991) . There is a need for effective techniques to analyze and present such data. The toxicity of several chemicals to a number of species can be given in chemicals versus species toxicity tables with, for example, species in rows, and chemicals in columns. Such tables can be analyzed by means of various multivariate approaches such as principal component analysis (Laurence et al., 1984; Nendza and Seydel, 1988; Thioulouse et al., 1991) , SIMCA method (Wängberg and Blanck, 1988) , correspondence factor analysis (Devillers et al., 1988; Devillers and Karcher, 1990) , hierarchical cluster analysis (Benigni and Giuliani, 1985; Devillers et al., 1988; Roux, 1991) , and minimum spanning tree method (Devillers and Doré, 1989) . The aim of this paper is to demonstrate that simple graphical techniques coupled with PCA allow to extract ecotoxicological information from a data matrix of seven chemicals tested on 14 aquatic species (17 testing procedures) occupying different trophic levels in the environment.
MATERIALS AND METHODS

Toxicity data
The animals chosen for the study included four Crustacea (Daphnia magna, Orconectes immunis, Daphnia pulex, and Ceriodaphnia reticulata), one Insect (Tanytarsus dissimilis), six fish (Oncorhynchus mykiss, Lepomis macrochirus, Gambusia affinis, Ictalurus punctatus, Carassius auratus, and Pimephales promelas), one Amphibia (Rana catesbeiana), one echinoderm (Arbacia punctulata), and one bacterium (Photobacterium phosphoreum) ( Table 1) . They were selected on the following criteria:
-they present different degrees of evolution and complexicity (i.e.; bacteria to vertebrates), -they occupy different trophic levels in the environment, -they are commonly used for aquatic toxicity tests, and are easily cultured or maintained in the laboratory, Selection of chemicals (Table 2 ) was based in part on available toxicity data obtained under standardized conditions, and in part because of different physiological mechanisms of toxic action (Thurston et al., 1985) .
The toxicity data (Table 3) were obtained from Thurston et al. (1985) , Elnabarawy et al. (1986) , Jackim and Nacci (1986), and Nacci et al. (1986) . The data were expressed as (-log(mol/L)).
Graphical analysis
The basic principles of graphical techniques for multidimensional data analysis have been recently reviewed by Thioulouse et al. (1991) and can be summarized as follows:
-a graph should not use conventions (e.g.; linguistic, cultural), and should be based upon the three following fundamental relationships:
-similarity/dissimilarity relationship -order relationship -proportionality relationship, -the relations between the elements of a graph should reflect the relations between the elements which are symbolized, -the introduction of unnecessary elements should be avoided (e.g.; the representation of a quantity should be done with a circle or a square rather than with a non-geometrical picture), -a graph should be readable for different levels of perception (e.g.; global, mean, local).
Taking into account these basic principles, Table 3 has been analyzed by means of a collection of graphs generated from the MacMul and GraphMu software (Thioulouse, 1989; 1990) . Figure 1 shows a simple graphical display of Table 3 with the seven chemicals arranged in columns (1 to 7), and the 17 organisms in rows (A to Q). The squares are proportional to the toxicity values. An obvious feature stressed by this display is the strong differences within the seven chemicals. Indeed, pentachlorophenol (compound 7) and hexachloroethane (compound 6) are the most toxic for almost all species, while 2-methyl-2,4-pentanediol (compound 1) and 2-methyl-1-propanol (compound 2) are the least. 2,2,2-tricholoroethanol (compound 3), 2,4-pentanedione (compound 4), and 2-chloroethanol (compound 5) generally present an intermediate toxicity. This effect, which can be termed a "compound effect", is widely observed in ecotoxicology (Johnson and Finley, 1980; Hudson et al., 1984; Mayer and Ellersieck, 1986; Devillers and Exbrayat, 1992) . No "organism effect" can be observed in figure 1, but this may be due to the fact that it is hidden by the compound effect. To remove this compound effect, one can perform a centering by columns of the raw data matrix (Table 3) . This is simply achieved by substracting the mean of each column (i.e.; chemical) to the values of the corresponding column (Table 4 ). Figure 2 shows the result of this operation, with circles for negative values and squares for positive ones. No strong organism effect can be stressed out in this figure, but it is interesting to note that Arbacia punctulata (early embryo, [ 3 H] thymidine incorporation), organism K, is little sensitive to almost all chemicals, since the first six compounds are represented by circles.
RESULTS AND DISCUSSION
To remove this slight organism effect, we can perform a centering by rows of Table 4 (i.e.; of the raw data matrix after centering by columns), which leads to Figure 3 shows the result of this double centering, and we can notice that only "interactions" between chemicals and organisms are visible. Here, "interactions" means the high or low reactivity of one particular species to a particular chemical. These interactions can be analyzed visually by checking the biggest circles and squares. Thus, figure 3 reveals first that Arbacia punctulata (sperm cell), organism L, presents a particular ecotoxicological behavior. Comparatively to the other organisms under study (Table 1) , Arbacia punctulata (sperm cell) is highly sensitive to 2-methyl-2,4-pentanediol (compound 1) and 2,4-pentanedione (compound 4). At the opposite, this organism is not sensitive to the other chemicals, especially compound 5 (2-chloroethanol) and 6 (hexachloroethane). This result is not surprising since it has been advanced that the sea urchin sperm cell tests overestimated the toxicity of compounds that are spermicidal or that use specific mechanisms of toxicity not associated with lethality in standard acute tests (Nacci et al., 1986; Cherr et al., 1987) . However, we can note that numerous publications show that the results of sea urchin sperm cell bioassays are affected by a number of factors including temperature, pH, salinity, sperm:egg ratios, sperm exposure times, test materials, echinoid species, and so on (Pagano et al., 1982; Greenwood, 1983; Dinnel et al., 1987; 1989; Ringwood, 1992) . These two groups of organisms allow to oppose the sensitivity of the Vertebrates (especially the fishes) to that of the nonvertebrates. Among this last group, it is interesting to note that the ecotoxicological behaviors of Daphnia magna (EC50), Daphnia pulex, and Ceriodaphnia reticulata are highly correlated. However, the sequence of squares and circles obtained for Daphnia magna (LC50) (organism A) is very different of that recorded for Daphnia magna (EC50) (organism O). We can advance that this discrepancy is due to interlaboratory variability instead of endpoint selection. At the opposite, the different sequences recorded for the tests performed on Arbacia punctulata (K, L, and N) are due to the endpoint selection and stress the usefulness to take into account this parameter for comparative evaluation of toxicity tests. Figure 3 underlines the heuristic potency of simple graphical approaches to compare the performances of different test systems in ecotoxicology. However, two main drawbacks can be advanced against the methodological approach presented above. First, one can say that it was easy to underline the group D to J because these organisms were not randomly arranged in Table 3 . Second, this kind of visual approach is particularly suitable for simple and strong patterns. In other situations, our approach can be improved by using a more objective and mathematically optimized graphical display. Principal component analysis (PCA) of the doubly centered table (Table 5) allows to obtain factor coordinates (FCs) which can be used to overcome the above graphical problems. These FCs have the mathematical property of maximizing the inertia of the projection of compounds and organisms onto each principal axis. Our goal is to rearrange the compounds and the organisms so that interactions are more clearly visible. By plotting the row FCs versus the column FCs, we obtain a graph on which the position of compounds and organisms is optimal from this point of view. Moreover, we can represent on this graph the toxicity values (after double centering) by means of circles and squares (as described above). (Lebart et al., 1984) . The size of the square is proportional to the value of the corresponding toxicity after double centering. One can easily see that this representation makes obvious the particular ecotoxicological behavior of Arbacia punctulata (sperm cell), and particularly its high sensitivity to 2-methyl-2,4-pentanediol (compound 1) and 2,4-pentanedione (compound 4), as opposed to its low sensitivity to compound 5 (2-chloroethanol) and 6 (hexachloroethane). On the opposite side, the group of organisms D to J is also in a conspicuous position. Circles in the left part denote a low sensitivity to 2-methyl-2,4-pentanediol (compound 1) and 2,4-pentanedione (compound 4), while squares in the right part denote a high sensitivity to compound 5 (2-chloroethanol) and 6 (hexachloroethane).
At this step, it is still possible to proceed with the analysis, and try to reveal further details of the data set. We must first try to remove the effects that have already been characterized. To achieve this, we use a well-known property of multivariate analyses, which is the possibility of recomputing the initial data table from FCs (e.g.; recompute the data set starting from the first principal components, Lebart et al., 1984, p. 8) . The obtained reconstitution of the data set is a model taking into account only the information that was extracted by the principal components. In the present study, we can consider that the first principal component is a good model of the interaction between Arbacia punctulata (sperm cell) and compounds 1 and 4, as opposed to compounds 5 and 6. So, we can reconstitute the toxicity table with this first principal component, and compute the residuals between this reconstitution and the doubly centered table. This will remove the corresponding interaction from the data set, allowing us to perform further investigations.
The results are shown in figure 5 , in which the position of circles and squares is given by the second principal component (for compounds horizontally and organisms vertically), and their size is proportional to the residuals between the doubly centered data table and the reconstitution by the first principal component (Table 6 ). The most conspicuous feature of this representation is the low sensitivity of organisms B (Tanytarsus dissimilis) and C (Orconectes immunis) to compound 7 (pentachlorophenol), opposed to the high toxicity of the same compound to organism N (Arbacia punctulata (early embryo, fluorometric determination of DNA)).
We could carry on this procedure by computing the residuals between the doubly centered table and the reconstitution with the first two principal components, and plotting these residuals as functions of the third FCs for compounds and organisms. However it is necessary to decide when the remaining structures of the data set are only random noise, and stop the procedure. Two solutions can be used to answer this question. The first consists in looking at the decrease of the successive eigenvalues obtained from PCA (figure 6). The magnitude of eigenvalues represents the percentage of inertia (i.e.; the quantity of information) extracted from the data set by the corresponding principal component. Figure 6 shows that the first two eigenvalues are clearly higher than the following ones. Eigenvalues 3 to 7 have low values and are regularly decreasing. This means that the information remaining in the data set is low and has no strong structure.
The second solution consists in plotting the values of the residuals at the same scale as the initial data set. Figure 7a shows the residuals after removing the interactions taken into account by the first two principal components, and figure 7b, the doubly centered data set.
One can see that the main differences between organisms and chemicals have disappeared, and that the circles and squares are small and do not present strong structures. The remaining differences (e.g.; the difference in sensitivity of organism M (Photobacterium phosphoreum) to compounds 3 (2,2,2-tricholoroethanol) and 4 (2,4-pentanedione)) are taken into account by the next principal components (particularly the third component for organism M). However, these differences are low and comparable to other small interactions.
CONCLUSION
Chemometrical evaluation of multispecies-multichemical data by means of graphical information extraction techniques combined to multivariate analyses is important since it provides a good insight into the structure of the data and draws attention to details that may have gone unnoticed. For example, in the present data, our approach readily indicates the clustering of vertebrate and nonvertebrate species and the importance of endpoint selection (e.g.; Arbacia punctulata tests). Interlaboratory variability may have contributed to the differences between Daphnia magna EC50 and LC50 endpoints. Even if these ecotoxicological results cannot be generalized due to the reduced size of the data matrix they illustrate the heuristic potency of our method in environmetrics. Table 3 . Compounds 1 to 7 are represented in columns and organisms (A to Q) are in rows (for caption see Tables 1 and 2 ). 
Tanytarsus dissimilis B
Orconectes immunis C Rana catesbeiana D
Oncorhynchus mykiss E
Lepomis macrochirus F
Gambusia affinis G
Ictalurus punctatus H
Carassius auratus I
Pimephales promelas J
Arbacia punctulata K (early embryo, [ 3 H] thymidine incorporation)
Arbacia punctulata (sperm cell) L
Photobacterium phosphoreum M
Arbacia punctulata N (early embryo, fluorometric determination of DNA) 
Daphnia magna (EC50) O
Daphnia pulex P
Ceriodaphnia reticulata Q ______________________________________________
